We present observations of the Type Ic supernova (SN Ic) 2011bm spanning a period of about one year. The data establish that SN 2011bm is a spectroscopically normal SN Ic with moderately low ejecta velocities and with a very slow spectroscopic and photometric evolution (more than twice as slow as SN 1998bw). The Pan-STARRS1 retrospective detection shows that the rise time from explosion to peak was ∼ 40 days in the R band. Through an analysis of the light curve and the spectral sequence, we estimate a kinetic energy of ∼ 7-17 foe and a total ejected mass of ∼ 7-17 M ⊙ , 5-10 M ⊙ of which is oxygen and 0.6-0.7 M ⊙ is 56 Ni. The physical parameters obtained for SN 2011bm suggest that its progenitor was a massive star of initial mass 30-50 M ⊙ . The profile of the forbidden oxygen lines in the nebular spectra show no evidence of a bi-polar geometry in the ejected material.
Introduction
The standard classification scheme for the explosions of massive stars consists of two different branches: stars retaining their hydrogen envelope at the time of the explosion produce Type II supernovae (SNe II), whilst those losing it before the explosion produce Type Ib or Ic SNe, depending on the strength of He lines in the spectra. In addition, some SNe Ic, labelled BL-Ic, show broad lines in the spectra, signature of a very high kinetic energy/ejected mass ratio. Over the past 5 years, the above scenario has changed dramatically with the discovery of new classes of transients that may originate from different explosion channels. Pair-instability, pulsational pair-instability and magnetar-powered explosions have been suggested to explain the properties of a group of hyper-luminous and slowly evolving transients (SN 2007bi, Gal-Yam et al. 2009 SN 2006gy, Smith et al. 2007 SN 2010gx, Pastorello et al. 2010 , Quimby et al. 2011 , while fall-back on the collapsed remnant, electron-capture and failed-deflagration scenarios have been proposed to explain faint and fast-evolving transients (e.g. SN 2008ha, Valenti et al. 2009 , Foley et al. 2009 SN 2005E, Perets et al. 2010 . Alternatively, some of these events can still be explained if a more canonical core-collapse scenario but an extended range of physical conditions of the progenitor at the moment of its explosion is invoked (e.g. SN 2006gy, Agnoletto et al. 2009; SN 2007bi, Young et al. 2010 Moriya et al. 2010; SN 2005cz, Kawabata et al. 2010 ). Here we present the observations of a stripped-envelope supernova that evolved in an extremely slow fashion, much more slowly than any other spectroscopically normal core-collapse SN studied in the literature.
Observations
SN 2011bm was discovered by the "La Sagra Sky Survey" on 2011 April 5 in the galaxy IC 3918 1 (Vida et al. 2011 ) and classified on April 11 at the 1.82-m Mt. Ekar Copernico Telescope as a type Ic SN close to maximum light (Gall et al. 2011) . The Palomar Transient Factory (PTF) claimed an independent discovery of SN 2011bm on 2011 March 29 and a 1 The following parameters have been used for IC 3918 in this paper: µ=34.90 mag (radial velocity corrected for in-fall onto Virgo of 2799 km s 1 and a Hubble constant of 72 km s −1 M pc −1 .), z=0.0221 (from narrow emission lines of the host galaxy), E(B − V ) IC 3918 =0.032 mag (assuming a similar dust-to-gas ratio in IC 3918 and in the Milky Way and comparing the equivalent width of the narrow Na i D absorption lines from IC 3918 with that from the Milky Way), E(B − V ) Gal =0.032 mag (Schlegel et al. 1998 ).
stringent pre-discovery limit on March 23 down to 20.8 mag in the R band (Gal-Yam et al. 2011) . Since the Panoramic Survey Telescope and Rapid Response System-1 (PS1) 3π survey has already been very useful to constrain the explosion epoch of other nearby SNe (e.g. SN 2010ay, Sanders et al. 2011) , we retrospectively inspected PS1 data and detected SN 2011bm in r P 1 -and i P 1 -band images on March 26.5 UT at magnitudes r=18.71 mag and i=18.82 mag, and in a g P 1 -band image on March 29.6 UT at a magnitude g=18.78 mag. This is the earliest detection of the supernova, and strongly constrains the explosion to have occurred between 2011 March 23 and March 26. After announcement, we immediately started a follow-up campaign in the framework of the NTT European Large Programme (ELP) collaboration and we extensively monitored SN 2011bm using the telescopes available to us. We collected a large amount of data in the optical domain, complemented by nearinfrared data, especially useful to investigate the presence of He in the SN ejecta (cf. Tables 1 and 2). A sub-set of the spectroscopic and photometric data collected by the NTT ELP collaboration are shown in Figs. 1a and 1b, respectively. In Fig. 1c The classification spectrum taken on April 11 (18 days after the explosion) is rather blue (B − V ∼ 0.35 mag). Such a blue color is unusual for SN Ic spectra at this epoch. Early spectra of SN 2011bm show the classical type Ib/c SN features: Fe ii, w, Ca ii and a faint P-Cygni absorption at ∼ 6100Å, usually identified as Si ii. A narrow line is visible at ∼ 6530Å (∼ 6390Å in the host galaxy rest frame) in the first four spectra (see Fig. 1a ; marked with a vertical dotted line). A similar feature was also observed in very early spectra of SN 2007gr up to few days before maximum, and was identified as C ii λ6580, with Hα or He i λ6678 as possible alternatives. Using the spectrum synthesis code SYNOW 3 , we confirm that C ii is a consistent identification for this feature. This supports the idea that our 18-day spectrum of SN 2011bm is similar to those of younger, canonical SNe Ic. Prominent features of He i or H are not detected in the optical domain, and there is no evidence for the He i line at ∼ 2 micron in our near-infrared SOFI spectrum obtained on 2011 May 9, consistent with the classification as a SN Ic.
The best match for the spectra of SN 2011bm is found with those of SN 2007gr (Hunter et al. 2009 ), persisting along the whole evolution ( Fig. 2a and 2b ). What is different, however, is the time scale of the transition from optically thick to optically thin Wavelength [ Even more intriguing is the luminosity evolution of SN 2011bm. After the earliest detection by PS1, the light curve rises for several weeks, reaching its maximum in the Rband on 2011 May 2 (JD = 2455684.3), 40 days after the explosion (see Fig. 1b ). No other normal SN Ib/c has shown such a slowly rising light curve. The post-maximum evolution is qualitatively similar to those of other SNe Ic, with a more rapid initial luminosity drop followed by a slower decline. However, for SN 2011bm the inflection points occurs much later than in other SNe Ic. Comparing the light curves of SN 2011bm with those of SNe 1998bw (R band, Patat et al. 2001 ) and 1997ef (V band, Iwamoto et al. 2000 , which are among the most slowly evolving BL-Ic SNe available in the literature, we find that SN 2011bm is evolving ∼ 1.5 times more slowly than SN 1997ef and ∼ 2.2 times more slowly than SN 1998bw
4 . SN 2011bm also evolves 2.7 times more slowly that SN 2007gr (Hunter et al. 2009 ) in the R band, in good agreement with the different time scales of the spectral evolution highlighted in Fig. 2. ] + const. (Valenti et al. 2008a ). Our observations of SN 2011bm can be used to understand the physical conditions of the progenitor at the moment of the explosion. Important insights come from the nebular spectra, the shape of the light curve and the bolometric luminosity. The spectrum obtained on 2011 December 18 (∼ 270 days after the explosion) provides additional information on the progenitor's properties. The presence of the [w] λ5577 feature is remarkable: this line is usually visible only up to ∼ 150-200 days after the explosion, because it requires a relatively high electron density. Using eq. 2 of Houck & Fransson (1996) and a temperature of 4000-4500 K 6 , the flux ratio [w] λ6300 /λ5577 of about 20-40 , as measured from our TNG spectrum, indicates an electron density of ≥ 10 8 cm −3 . The flux of the [w] λλ6300, 6364 feature measured at 270 days (3.7 × 10 −14 erg cm −2 s −1 ) can also be used to roughly estimate the ejected oxygen mass. Using the equation from Uomoto (1986) that is appropriate for our electron-density and temperature regimes, we obtain an oxygen mass of M O ∼ 5-10 M ⊙ . As a comparison, the oxygen masses obtained with the same method for SNe 1990I (0.7-1.35 M ⊙ , Elmhamdi et al. 2004 ) and 2009jf (1.34 M ⊙ , Sahu et al. 2011 ) are significantly smaller. Also the oxygen mass of SN 1998bw (∼ 3 M ⊙ , Mazzali et al. 2001) , computed via spectral modelling, is a factor of 2 smaller than that of SN 2011bm. Such a large oxygen mass in the ejecta is expected when the progenitor is either a very massive star (≥ 30 M ⊙ ) or a lower-mass star formed in a very low metallicity environment (Thielemann et al. 1996; Limongi & Chieffi 2003; Hirschi et al. 2005; Nomoto et al. 2006) . Given the metallicity measurement reported above, it is likely that the progenitor of SN 2011bm must have been very massive. Since most explosion models of massive stars predict that the oxygen mass represents 60 to 70% of the total ejected mass (see e.g. Limongi & Chieffi 2003; Nomoto et al. 2006) , we can estimate the total ejected mass to be in the range 7-17 M ⊙ .
Physical Parameters
In Fig. 3a we show the quasi-bolometric light curve of SN 2011bm obtained by integrating our multi-band (UBVRI) observations. We also show the uvoir bolometric luminosity obtained for the few epochs in which JHK photometry of SN 2011bm is available (labelled as uvoir in Fig. 3a) and a computed uvoir bolometric light curve using the fractional NIR contribution of SN 2009jf (Valenti et al. 2011) . The late-time tail of this light curve is flatter than those of other stripped-envelope SNe, but still steeper than of H-rich core-collapse SNe powered by 56 Co decay. This is a clear indication that the γ-rays produced in the 56 Co decay are not fully trapped. However, a larger trapping fraction than in other type Ic SNe confirms that the ejecta of SN 2011bm are quite massive. We used the toy model described in Valenti et al. (2008a) 7 to independently estimate the physical conditions at the moment of the explosion. The uvoir bolometric light curve can be reproduced with an explosion of a massive star releasing 7-16 foe of kinetic energy in ejecta of 7-10 M ⊙ , 0.6-0.7 M ⊙ of which is synthesized 56 Ni. These values are in agreement with those given above. The Nickel mass is surprisingly high, if we consider that SN 2011bm was less luminous than SN 1998bw at maximum.
Discussion and conclusion
The extremely slow evolution of the light curve and spectra of SN 2011bm have never been observed in other normal stripped-envelope SNe. Despite this, its spectral features are very similar to those observed in typical SNe Ic, and much narrower than in broadlined events. These observables are consistent with the explosion of a very massive star (with a main-sequence mass of ≥ 30 M ⊙ ) that ejected 7-17 M ⊙ of material, 5-10 M ⊙ of which is oxygen and 0.6-0.7 M ⊙ is 56 Ni). The kinetic energy lies between 7 and 17 foe. SN 2011bm is the first stripped-envelope SN with such a slow evolution and such peculiar physical parameters. The intrinsic rareness of these events supports the idea that they arise from very massive stars. To our knowledge, only one other normal stripped envelope SN has been proposed to come from a similarly massive star (SN 1984L, Swartz & Wheeler 1991 ).
An alternative, more exotic scenario to explain the luminous and broad light curve of SN 2011bm without invoking exceptionally high 56 Ni and total ejected masses is that of a magnetar-powered core-collapse SN. In this case the light curve of SN 2011bm would be dominated by the energy released in the spin-down of a newly formed magnetar. However, the slope of the late-time light curve of SN 2011bm (until a phase of 300 days) is consistent with that expected in a normal radioactively-powered SN, without the need of an additional source as proposed in models of magnetar-driven events (Kasen & Bildsten 2010; Woosley 2010) 8 .
Another characteristic of a magnetar-powered SN would be a bi-polar geometry of its 7 The toy model is based on the Arnett's rule (Arnett 1982) for the photospheric phase, equations 1 and 2 from Cappellaro et al. (1997) and a simple γ-ray deposition function (Clocchiatti & Wheeler 1997) . ejecta (Kasen & Bildsten 2010) . Evidence of a bi-polar explosion may be found in the profiles of the oxygen lines in nebular spectra. Double-peaked profiles would support the idea of a bi-polar explosion, whereas the absence of a double peak is not sufficient to rule out such an explosion geometry. Following the approach of Taubenberger et al. (2009) , we inspected the oxygen feature and, though a weak double peak is marginally visible, it appears consistent with the doublet nature of [w] λλ6300, 6364. In conclusion, our observations do neither require nor support a magnetar-SN scenario. Instead, the traditional framework of a 56 Nipowered core-collapse SN from a very massive star seems to provide a coherent explanation. This makes SN 2011bm the most massive and 56 Ni-rich normal (i.e. not broad-lined) SN Ic ever observed. Further analysis and modelling will certainly help in better understanding this exceptional event.
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